Visual-spatial abilities are relevant for performing diverse everyday tasks as well as being successful in multiple fields. This work provides empirical evidence supporting the claim that studying a computer graphics course, as commonly offered in computer science or engineering programs, can help develop stronger visual-spatial abilities. This benefit was estimated with the assessment of students' performances in a standardized test of visual-spatial abilities. This empirical pre-test/post-test study ran for three consecutive semesters and involved six computer graphics groups where students were evaluated with the Purdue Spatial Visualization Test to measure whether the full-semester working on contents heavily related to 2D/3D geometric transformations had a positive effect on students' visual-spatial intelligence. Results show a statistically significant increase in the average score in the test, which in turn suggests that these cognitive abilities could be reinforced or trained through the normal course workload. Additional findings in this study suggest that a retest gaining factor is present just by taking the test twice, and that there is a weak correlation between students' level of visual-spatial abilities at the beginning of the course and the final grades obtained at the end of the semester.
Introduction
Visual-spatial abilities (VSA) are cognitive skills considered necessary for solving many everyday tasks, such as reading maps, navigating traffic, adjusting to new environments, and packing items in constrained situations. These abilities are also relevant for succeeding in diverse fields of study, particularly in higher education and professional areas related to mathematics, technical graphing, engineering, and science, to name a few (Hartman & Bertoline, 2005; Lohman, 1996; Saorín-Pérez, 2009 ). There is empirical evidence that supports the idea that VSA can be reinforced or trained by means of interventions (e.g., customized courses or specialized training) designed to improve these skills (Lohman, 1996; Gerson et al., 2001; Martín-Dorta et al., 2008; Sorby, 2009) . Also, there is evidence of improvements in VSA, as a side effect, after taking courses related to engineering or sciences (Blade & Watson, 1955; Friess et al., 2016; Kösa & Karakuş, 2018) . However, the extent of these improvements is still difficult to generalize when trying to predict results in more specific contexts. This is because many of the former studies have González Campos et al. International Journal of Educational Technology in Higher Education (2019) 16:41 Page 2 of 21 approached broad profiles, such as "engineering students" or "science students, " instead of targeting students of more specific fields. It is in this context that studying the relationship between VSA and learning computer graphics (CG) becomes relevant. In turn, highlighting this would increase the knowledge of these skills in relation to a specific domain. CG is a course commonly offered in computer science and other related academic programs, and has a direct relation to students' VSA through the study of 2D/3D geometric transformations and other topics that involve skills for performing mental manipulations of 2D/3D objects or coordinate systems.
The present work explores the relation between VSA and CG in two directions: one is from CG to VSA (i.e., the potential increase on VSA after studying CG), and the other from VSA to CG (i.e., how the preexisting level of VSA may influence the learning outcome in CG). The first goal was to determine whether there is a strengthening of VSA after learning CG during a full semester. Second goal was to determine whether there is a correlation between the students' level of VSA at the beginning of the semester and their final achievements in the CG course. To test these correlations, a pre-test/post-test empirical study was designed, which included students enrolled in the CG course, as it is offered at the Autonomous University of Juarez City (UACJ by its Spanish name). The study lasted three consecutive semesters and the instrument of choice to assess the students' VSA was the Purdue Spatial Visualization Test (PSVT) . Regarding the utilization of the PSVT, a complementary goal of this study was to know whether an increase in the test score could be associated just with the repetition of the test in the pre/post phases. To confirm this, an additional study was conducted with students not studying CG.
This paper is structured in the next sections as follows: In "Visual-spatial abili ties" section, an overview of the cognitive skills focuses on by this study is presented. Alongside, providing their basic definitions and how they have been considered, whether as a fixed or as a trainable expression of intelligence, according to different authors. In "The Purdue spatial visualization test" section, the cognitive test utilized in this study is described in detail, along with its role as a standardized test to measure VSA. In "Teaching computer graphics" section, the body of knowledge of the CG discipline is put into context as well as a brief description of the 2D/3D vertex transformations as a core element in the CG curriculum. Also, the specific context of the CG course being offered at the UACJ is described, discussing its contents, typical profile of the enrolled students, and teaching experiences. The last four sections in this paper present in detail the "Methods", "Results", "Discussion", and "Conclusions" sections.
Visual-spatial abilities
Spatial visualization ability is commonly perceived as a manifestation of intelligence, that is, a sort of intelligence specialized in dealing with three-dimensional environments. This mental capacity has been studied since the early 20th century. One of the first contributions to this field were the studies of Spearman, (1923) , which developed a concept of general intelligence along with the introduction of a statistical technique known as factor analysis. Spearman's theory postulates that visual-spatial processing, and other specific cognitive abilities, are of a secondary order, which means that they are influenced or dependent on the underlying general intelligence factor, known as the g-factor. The three-stratum theory, which is aligned with Spearman's theories and factor analysis, was proposed in the late 20th century (Carroll, 1993) . This theory proposes a hierarchized González Campos et al. International Journal of Educational Technology in Higher Education (2019) 16:41 Page 3 of 21 view of the cognitive abilities with a top layer (stratum III) that corresponds to Spearman's general intelligence; followed by a second layer (stratum II) that includes eight broad factors of ability, with broad visual perception being one of these factors; and a third layer (stratum I) that includes several narrow factors belonging to the upper elements in the hierarchy.
In the mid-1940s, the concept of a general-purpose intelligence was challenged (Thurstone, 1947) and spatial visualization was identified as one of seven primary mental abilities. Under this point of view, intelligence is no longer conceived as a monolithic attribute, but a resulting expression of diverse, but equally important abilities applied in different domains. With this newer approach, the visual-spatial intelligence was described as "the ability to perceive the visual world accurately, to perform transformations and modifications upon one's initial perceptions" (Gardner, 1983) . In this case, according to the vision of multiple intelligences, visual-spatial intelligence was considered as one similar in importance to verbal-linguistic, mathematical-logical, bodily-kinesthetic, musical-rhythmic, intrapersonal, and interpersonal. Visual-spatial intelligence has been defined as "the capacity to perceive the visual world accurately, and/or perform transformations and modifications on perceptions, construct mental representations of visual information and use the representation to perform activities" (Zimmerman & Dean, 2011) . This definition relies on the concepts of Gardner, (1983) ; Cary, (2004) , and Kornhaber et al., (2004) . However, it is reasonable to differentiate between "visual-spatial" and "spatial" intelligence, because spatial intelligence involves other senses in addition to sight (Zimmerman & Dean, 2011) . According to this point of view, visual-spatial intelligence should be a subset of spatial intelligence. VSA include (among others) spatial reasoning, mental image manipulation, visual patterns recognition and discrimination, thinking in 3D, and constructing 3D shapes from 2D information (Zimmerman & Dean, 2011) .
This open debate in psychology about the nature of VSA has prevented the standardization or development of a universally accepted test to measure these abilities. Several intelligence tests have been developed in the past, but they were intended to measure visual-spatial skills according to a particular conception. For example, as a primary or a secondary expression of intelligence. Also, they differ in the extent of their formal or practical approach. Some contributions have attempted to clarify the areas that need to be tested in the specific case of visual-spatial intelligence. For instance, after a comprehensive survey of factor-analytic studies, and the re-analysis of old and new data sets, (Carroll, 1993) defines five major spatial factors: visualization, speeded rotation, closure speed, closure flexibility, and perceptual speed. In this classification, visualization refers to the manipulation of visual patterns without regard to the speed of task solution. Speed is central to the other factors, such as speeded rotation, where it is crucial for manipulating visual patterns. In closure flexibility and closure speed, speed is again vital when identifying visual patterns with or without previous pattern knowledge. Finally, in perceptual speed, it is required when finding a known visual pattern. Carroll's approach is directly aligned with thought of the factor analysis and general intelligence.
There are four commonly used types of tests, which include performance tests, paper-and-pencil tests, verbal tests, and film or computer-based tests (Lohman, 1996) . Performance tests were among the earliest, often using physical boards, blocks, and folding problems. Paper-and-pencil tests have been used for many years and are still popular today despite the increasing adoption of computer-based tests in recent decades. There González Campos et al. International Journal of Educational Technology in Higher Education (2019) 16:41 Page 4 of 21 is evidence of at least 392 different paper-and-pencil spatial tests (Eliot & Smith, 1983) , it gives an idea of the popularity of this format. While it is difficult to claim that a specific test considers all the essential factors involved in measuring VSA, some tests commonly used in education and public or private organizations measure cognitive abilities in general, or VSA in particular. For example, the general oriented tests include: the Woodcock-Johnson IV-Test of Cognitive Abilities (WJ IV), analyzed in Schrank et al., (2016) , which tests seven cognitive areas, one of them is "visualization"; the Stanford's Binet V (SB5), described in Roid & Barram, (2004) , which examines five cognitive areas, including "visual-spatial processing"; and the Differential Aptitude Test (DAT), by Wesman, (1952) , which tests nine cognitive domains, including "space relations". The tests that are mainly oriented to VSA are the Mental Cutting Test (MCT), which consists of 25 items that involve mental cuttings of 3D shapes (Gorska & Sorby, 2008) the PSVT, developed by Guay et al., (1976) , which is described in detail in a later section; and the Vandenberg's Mental Rotation Test (MRT) (Vandenberg & Kuse, 1978) , developed in 1978, which consists of twenty-four problems of 3D rotations. Gorska & Sorby, (2008) conducted an empirical study describing and presenting statistical results after applying these last tests.
VSA are considered important for success in specific domains and professional fields, such as mathematics, engineering, science, and architecture, among others. Due to this importance, research in education has investigated how to improve these cognitive abilities. While it is generally accepted that visual-spatial skills can be reinforced or trained, as stated in Lohman & Nichols, (1990) , there is still an open debate about the extent of improvement that can be achieved after an intervention. Levels of improvement are usually difficult to quantify because there are some "gaining effects" just in the practice of the tests (for example a retest in a pre-test/post-test study) (Lohman, 1996) . While it has been observed that results tend to be inconsistent in short-term studies, there is evidence that VSA can be trained in the mid or long term. For example, after comparing VSA results of students in business, social, or humanities against the results of students in engineering or sciences, there is a consistent difference, with the latter students achieving higher scores (Lohman, 1996) .
Many studies have attempted to improve spatial visualization in students through different means; for example, increasing students' spatial abilities as a result of taking topics on engineering drawing and descriptive geometry (Blade & Watson, 1955) . In the mid 80's and early 90's, these abilities were attempted to be enhanced through the use of video games (Dorval, 1986) , or with the combination of physical and computer-generated models (Miller, 1992) . More recently, Gerson et al., (2001) suggested the use of multimedia software, which included nine modules in its final version. This software was utilized with students taking a special course designed to develop their 3D spatial skills. At the end of the course, students performed better in five standardized tests. Sorby, (2005) updated this course and later documented the results and summarized the learning experiences (Sorby, 2009 ). The complementary use of 2D sketches and 3D-printed models in engineering graphics and design classes has been also proposed (Friess et al., 2016) . Hartman & Bertoline, (2005) studied the effect that a learning environment based on virtual reality had on students undertaking a CG course. Martín-Dorta et al., (2008) proposed a remedial course based on 3D CAD modeling for improving spatial abilities of engineering students. Katsioloudis & Jovanovic, (2014) Page 5 of 21 impact of the manipulation of different types of models, such as 2D sketches, 3D drawings, or 3D printed models, on VSA. Finally, in a recent study, Kösa & Karakuş, (2018) demonstrated the positive influence that computer-aided design has on the visualization skills of undergraduate students studying on an engineering drawing course.
The Purdue spatial visualization test
Over the years, different standardized tests have been proposed to measure VSA. One that is commonly utilized is the PSVT, developed by Guay et al., (1976) . The PSVT is a multiple-choice test (suitable for 13 years old and over) that includes three sections: developments, rotations, and views. The test, as developed by Guay, is comprised of thirty-six questions, twelve in each subset. It was later extended by adding eighteen new questions to each subset making thirty in total, and their names were updated to PSVT-D, PSVT-R, and PSVT-V, respectively. Examples of the questions in each section are shown in Figs. 1, 2, and 3. The PSVT has been widely used in engineering and science disciplines for more than 35 years due to its suitable set of characteristics. A comprehensive study by found at least four advantages. First, the PSVT has desirable properties such as "a relatively strong reliability and/or validity evidence" (at least nine studies providing these parameters are referenced in Maeda's study). Second, "the ability to solve tasks in the PSVT is related to the ability to solve tasks often found in the Science, Technology, Engineering, and Mathematics (STEM) disciplines" (supporting its preference in these areas). Third, "the PSVT contains items that are difficult enough that they distinguish STEM students by their level of mental rotation ability". Fourth, "the PSVT has been frequently cited as the strongest measure of spatial visualization ability of mental rotation that most incorporate the holistic or geltast spatial thinking process and least incorporates the analytic or analogical spatial thinking process. " A stronger validation, using a revised version of the PSVT, found it as a psychometrically sound instrument . The revised version, authorized by Guay (the original creator of the PSVT), consisted of the elimination of some errors in the original drawings such as missing lines of a rotated object, as described in more detailed later in this section (see Yue, (2006) ). Despite its long age, the PSVT is a pervasive test still utilized in engineering and science schools to measure spatial abilities in students, especially during the initial enrollment phase. In this way, it is possible to design individual support or remedial courses that are intended to improve students' performance in this cognitive area. It is generally believed that a successful score in this test shows students' proper abilities and predicts a good performance when studying academic programs that involve an extensive use of visualization abilities, as discussed earlier in the "Visual-spatial abilities" section. However, the PSVT, like every other test, is not perfect. Some studies have pointed out the potential confusion caused for some tested individuals by isometric views, for example when accidental mistakes or coincidental edges occur in the figures. Branoff, (2000) proposed a redesign of the set of drawings to use trimetric projections of all 3D objects instead of the current isometric projections. A comprehensive study (Yue, 2006) of the PSVT's drawing style of 3D objects, pointed out the missing information of isometric drawings that prevent them from appearing realistic, such as dimensions, colors, lighting, shades, textures, and perspective. This last element, perspective, is considered essential because the projection lines of an isometric view are parallel to each other, which might cause confusion because they are only approximations of a pictorial view of a 3D object. Using these considerations, the redesign of drawings, using modern tools available in today's CAD software, has been suggested in order to achieve a better assessment of the spatial abilities that the PSVT intends to measure.
Teaching computer graphics
CG is a broad body of knowledge related to the computer generation and manipulation of images and virtual models. As a field of study, it is mainly located at the intersection of computing, mathematics, and physics. Traditionally, CG courses are offered in computer science and other academic programs in higher education (e.g., computer engineering, information technology, software engineering, digital media/arts). As with many other areas of computing, CG has evolved quickly in recent decades. With advances in graphics technology, mainly in hardware for graphics acceleration and the development of algorithms that take advantage of this, the subjects studied on a CG course have also been evolved. There have been efforts to define a comprehensive knowledge base for the CG discipline. For example, in The United States, the Curriculum Knowledge Base Group, created by the ACM SIGGRAPH Education Committee, aimed "to provide a curricular structure and supporting materials that will aid instructors and institutions working to develop or enhance academic programs in computer graphics" (Alley, 2006) .
Since the late 90's, various studies have proposed a range of topics to be considered as the core CG curriculum (Laxer & Orr, 2006; Wolfe, 2000; Paquette, 2005; Roller, 2016; ACM/IEEE, 2013) . Consequently, the modern CG syllabus has been adapted and diversified to match the requirements of the different academic programs on which this course is offered. For example, the CG curriculum in computer science would typically be oriented to mathematical foundations, low-level rendering techniques, algorithms, and hardware architectures and optimization. Software engineering or information technology would be more oriented to higher-level programming frameworks for developing graphics applications. Moreover, academic programs in the arts or digital media would be focused on teaching state-of-the-art commercial graphics software for modeling, rendering and animation.
2D/3D vertex transformations
The topic of 2D/3D vertex transformations (or geometric transformations) is mainly recommended as a core subject in the CG curriculum (ACM/IEEE, 2013; Roller, 2016) when it is associated with computer science or other closely-related programs. For example, in the Computer Science Curricula 2013 guideline (ACM/IEEE, 2013), this topic (named affine and coordinate system transformations) is placed in the Basic Rendering group, Learning 2D/3D vertex transformations is the foundation for understanding advanced topics in CG. A standard methodology, based on the matrix representation of geometric transformations such as translations, rotations, and scales, makes it easy to compute complex sequences of such transformations when modeling or rendering 3D environments. The key concept is the abstraction of a real-world visual-spatial perception into a mathematical concept relying on matrices and their multiplications. In addition to understanding the mathematical representation and the underlying methodology, studying this subject involves the use of cognitive abilities related to the perception of 2D and 3D environments and the mental manipulation of objects in these virtual spaces. It is intuitively believed that an individual with strong visualspatial intelligence should learn this topic easier than someone who is weaker in this area.
Computer graphics at the UACJ
The UACJ is a university based in the central-north of Mexico. Juarez is a city located at the border of Mexico and The United States, between Chihuahua and Texas. The UACJ has existed for 44 years and offers engineering, health, liberal arts, and social sciences programs. In the academic year 2017-2018, the total student population was about 30,000.
The CG course at the UACJ is part of the computer systems engineering program, which has an average size of 850 students, with 240 new students enrolling every semester. Three classrooms of CG are opened each semester, with an average of 15-20 students per class. This course is offered at an intermediate level in the curriculum, which means that typical enrolled students are studying, on average, in their fifth or sixth semester at the university. Students taking CG are distributed in three groups each semester; two are offered in the morning and one in the evening. Students attending the morning groups are mostly fulltime students, while in the evening the majority are part-time students, most of them working and with family responsibilities. While ages in each category do not vary much, students in the morning are, on average, in their early twenties, while students in the evening are in their mid-late twenties.
The CG course covers topics under five units: fundamentals, color theory, geometric transformations, viewing pipeline, and lighting and textures. It is a general introductory course to the CG field, and the longest part of the course is dedicated to studying the matrices representations of 2D and 3D transformations and understanding the steps already involved in the graphics viewing pipeline (basic rendering procedure). Students learn an analytical approach for representing geometric transformations, along with practical implementation through the use of the OpenGL library and C-programming. They frequently solve exercises in class and at home, utilizing analytical problems and programming practices. Additionally, they present two comprehensive exams; one involving the analytical methodology and the other a final programming assignment. Figure 4 shows the distribution of lectures by topic in the CG course. There are 32 sessions, or lectures, each semester. A total of 54% of the course lectures are associated with learning and applying 2D/3D transformations. The topic of 2D/3D vertex transformations is probably one of the more difficult for students taking this course. Evidence for this is found in exam results, reviewing homework, or solving exercises in the classroom. Moreover, this is also usually expressed by the students themselves during the semester. Often, students are aware that they have issues trying to "imagine" geometric transformations in abstract spaces. From our fifteen years of experience in teaching CG at the UACJ, we have detected that some students have better spatial skills than others. Those students who have difficulty in performing spatial abstractions or 3D transformations in their minds are at a higher risk of failing or dropping the course. They struggle to understand complex sequences of 2D/3D vertex transformations because it requires strong VSA. Unfortunately, there is no shortage of students in this situation every semester, and they usually require additional help to understand these concepts and to motivate themselves to succeed on the CG course. The spatial ability is a relevant mental capacity that should be considered when designing instructional experiences and assessments that intend to be effective in the CG profession, particularly in educational aspects (Hartman & Bertoline, 2005) .
There is a large workload on the CG course that demands an extensive use of students' VSA. For example, there are exercises that involve spatial reasoning when imaging a sequence of geometric transformations to propose a solution. These exercises go from 2D to 3D, and from simple to complex. Figures 5 and 6 show typical exercises in 2D and 3D that students solve as class assignments.
In these exercises, students are given problems about the conversion of a model from "before" to "after. " Students must figure out the sequence of transformations that correctly performs the desired effect. The proposed sequence is then expressed as a multiplication of matrices, which results in a "composite transformation. " This partial result is then applied to the original vertices to get the transformed or final vertices, which represent the requested shape of the model. It is believed that continuous exposition to this type of 
Methods
This section is organized into three subsections: "Participants", "Materials", and "Design and procedure". In "Participants" subsection, participants are described in detail and some demographics are presented, which includes both the CG and the non-CG students. Also, the sampling strategy is clarified. In "Materials" subsection, the PSVT is described as the research tool utilized to measure VSA. Finally, in "Design and procedure"subsection, three research goals are defined, as well as the strategy and statistical analysis to address each goal. A brief justification about the selection of the PSVT is also discussed.
Participants
Participants in this study were students enrolled on the CG course at the UACJ offered during Fall-2017, Spring-2018, and Fall-2018. They belonged to either a morning class (11:00-13:00 group) or an evening class (20:00-22:00 group). Due to the relatively small quantity of students enrolled in CG each semester (typically 15-20 per group), it was decided to include all students who voluntarily wanted to participate and who fulfilled one basic condition: being a "first-time" CG student (i.e., not a repeating student in this course). Therefore, the sampling strategy in this study does not imply a selection method more than the aforementioned condition. The term sample in this study only denotes that participant students are a small fraction of all students that have taken CG at the UACJ at some point. This approach facilitated a broad representation of students' conditions (e.g., single, married, male, female, working, young, mature, brilliant, average), despite having so few participants per semester. A total of 100 students were sampled, 55 from morning groups and 45 from evening groups. Demographics of participants (regarding age, gender, and VSA self-perception) are summarized in the following charts and tables. The age of students was in a range from 19 to 38, with a median of 22, and with 20 as the most frequent age. These figures were consistent across the morning and the evening groups, with just a small difference in the average age, it was 22.33 in the morning and 24.76 in the evening. These age statistics are shown in Figs. 7, 8 and 9.
Regarding gender, the global population of students enrolled in the program of computer systems is, in general, heavily biased to male. This situation was consistent with the gender statistics of the sampled CG students in this study. In the morning groups, the ratio of females/males was 14/41, while it was 5/40 in the evening groups. These figures give a ratio of 19/81 in the total sampled students, as shown in Figs. 10, 11 and 12.
Two questions were included in the demographics section of the test to reveal a general background for each student's level of visual/spatial intelligence. The first question was about previous experiences using any commercial package of 3D design or whether they had considerable practice playing videogames. The second question was about their self-perception of how easy or difficult they found the task of mental manipulation Answers for the second question were given in a scale from 1 to 5, being 1="Too difficult, " 2="Difficult, " 3="Regular, " 4="Easy, " and 5="Too easy. " Statistics for these two questions showed that 92% of the sampled students said that they already experienced activities well known for promoting visual/spatial intelligence. Also, 59% of students perceived their own confidence in their visual/spatial abilities as "regular" and 24% as "easy, " while a minority of students chose the rest of the options ("too difficult, " "difficult, " or "too easy"). These statistics are presented in Figs. 13 and 14 .
A complementary test was performed on 25 students from the same computer systems engineering program, but not related to the CG course. These students were invited and gathered from other classes (14 from computer theory and 11 from intelligent systems), with the only constraint being that they had not yet taken CG. Their average age was 23.4 years, the median, and the most frequent age was 23 years. The gender ratio was 20% females to 80% males; 92% reported previous experiences in activities demanding visual/spatial intelligence. Finally, 60% perceived their own visual/spatial abilities as "regular, " 32% as "easy, " and 8% as "difficult. "
Materials
The PSVT was the tool utilized to measure the students' VSA. It was acquired through the Educational Testing Service (ETS) organization, and it included four test booklets. The first contained a mixture of twelve problems in each category ("developments, " "rotations, " and "views"), totaling thirty-six problems. The second, third, and fourth booklets included thirty problems each in just one category. A multimedia presentation was prepared from the digital format acquired, assigning one slide per question. A recommended time to answer each booklet was 20 min, which corresponds to 40 s per problem. Therefore, each slide was set to a fixed time of 40 s in a self-paced animation. Participants were tested only with "rotations" and "views" (third and fourth booklet) because these areas were the most closely related to the contents of the CG course. Complementing the PSVT multimedia presentation, was a paper-based answer sheet (bubble-style) that included a small "demographics" section.
Design and procedure
This study was developed at the UACJ during three consecutive semesters (Fall 2017 , Spring 2018 , and Fall 2018 . At the beginning of the semester, all students enrolled on the CG course were informed about the purpose of the study and invited to participate as volunteers. Participants were not provided with any special treatment or educational strategies. They took the entire semester of CG in standard conditions, the same as every other student enrolled in this course. This study was designed to test three different cases, described as follows:
• Case 1: Testing whether VSA increased after taking a full semester of CG. The statistical test chosen for this case was a paired t-test. It was applied to the scores obtained by students in the PSVT in the pre/post phases. The same testing was applied to three data sets. First, to the total number of sampled CG students. Then, just to test consistency, only to the morning groups, and only to the evening groups. • Case 2: Testing whether a preexisting level of VSA at the beginning of the semester had some association with performance on the CG course. In this case, a bivariate correlation was applied in two different data sets. First, to measure the correlation of the scores of students in the PSVT pre-test phase and their final grades in CG; and second, to correlate the same PSVT scores but now with the students' results in the midterm exam, which is a comprehensive evaluation of the topic of 2D/3D geometric transformations.
• Case 3: Testing whether the PSVT scores increased after presenting this test twice.
This testing was similar to Case 1 but directed to non-CG students and with the . 12 Gender distribution in the total sampled students pre/post phases much closer in time. The scores obtained by non-CG students in the PSVT during the pre/post phases were analyzed with a paired t-test. The purpose of this case was to estimate the effect of repetition (when a student takes the test twice) on improving the PSVT score. In this case, the pre-test was conducted in the third week of the semester, and the post-test five weeks later.
In Case 1, the pre-test was conducted in the second week and the post-test close to the end of the semester, in the fifteenth week. The same set of students were tested in both phases. If a student, for any reason, was not able take the second phase, their data was removed from the study. Case 2 utilized the same data gathered in the Case 1 pre-test phase but it was correlated with the scores of the mid-term exam and with the final CG grades (two different analyses for Case 2).
Case 3 was a complementary, but relevant, test for considering the possibility that an increase in the PSVT scores by CG students could be influenced more by the repetition of the test than by the full semester studying CG. If the repetition of the test for the non-CG students did not increase their score, it would provide more support to the theory that the CG course itself is the relevant factor for any VSA improvement in CG students.
The PSVT was chosen as the research tool for this study due to its general advantages, described earlier in "The Purdue spatial visualization test" section. Certainly, other standardized tools such as the MCT or MRT could also be applied. These tests have similar characteristics and reliability, according to Gorska & Sorby, (2008) , even though there is still some debate about the specific cognitive ability each test is really measuring (e.g. spatial visualization, spatial orientation) (Branoff, 2000) . However, all these options are still mainly oriented towards educational research, which is the case of this study. In contrast, other tests are more oriented towards use by professionals in psychology as part of a study or construction of psychological profiles. Additionally, the choice of the PSVT was favored by the type of problems included in its "rotations" and "views" sections, which are similar in nature to the contents of the CG course in this study. Other tests, on the other hand, prioritize less relevant problems, like those related to solve "folding" tasks on 3D models. The application of the PSVT in this study was administered in the following conditions. Students answered 60 questions in total; the first 30 were related to rotations, the other 30 related to views. A self-paced multimedia presentation was run, where each slide was available for 40 s, totaling 20 min for each set of questions (rotations and views). Under these conditions, participants took the test in a synchronized manner (i.e., the whole group was answering the same question at the same time). These conditions were similar to those in the traditional paper-based PSVT. The difference in this case was that participants were only provided with the answer sheet rather than the printed booklet. These conditions limited the possibility of leaving a question and returning to it later or giving the test a final review according to the remaining time. Despite these minor constraints, the authors of this study believe that these testing conditions correctly reflected the essence of measuring participants' VSA.
Concerning ethical considerations, all participants provided their informed consent after receiving detailed information regarding the study conditions, such as purpose, methods, any harmful effects (there were none), confidentiality of data, anonymity, voluntary participation, and their right to withdraw at any time. This study did not set an educational intervention of any kind. At no stage of the study were participant students treated with any learning strategy or placed in conditions different to non-participant students. Participation consisted of taking the PSVT twice and completing a short demographics section. The results obtained in the PSVT (scores in the pre/post phases) were provided to all participants (individually).
Results
Paired t-tests and a bivariate correlation were performed on recollected data, and obtained the following results, which correspond to Cases 1, 2, and 3, described in the previous section.
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The first analysis corresponds to the pre-test/post-test study described in Case 1. The first paired t-test was performed on all participants. This dataset included the morning and the evening groups of CG. The sample size n was 100 participants, and the null hypothesis assumed that the true mean differences between the paired samples was zero. This means that the average score in the PSVT remained without change before and after a full-semester of work on CG topics. As shown in Fig. 15 , the average score in the PSVT increased from 39.22 to 45.05. This result showed a significant average difference between the pre-test and post-test phases of the experiment with t 100 = 8.11 and ρ < .0009. Figure 16 shows the histogram of the dependent variable (the mean differences) that supports the assumption about its normal distribution.
Additionally, to complement Case 1, Figs. 17 and 18 show consistent results when considering participants only in either the morning or the evening groups. The average score of the participants in the morning groups increased from 37.42 to 43.42, showing a significant difference with t 55 = 6.28 and ρ < .0009. On the other hand, the average score of the participants in the evening groups increased from 41.42 to 47.04 and had a significant difference with t 55 = 5.11 and ρ < .0009.
Regarding Case 2, a statistical correlation was tested in two data sets. Firstly, the correlation between the initial score in the PSVT (the pre-test phase) and the final grade obtained in the course of CG was examined. Secondly, was the correlation between the initial score in the PSVT and the midterm exam, which mainly evaluates topics related to 2D/3D transformations. These results are shown in Figs. 19 and 20 .
In both cases, a weak correlation between pre-test PSVT scores and the grading of participants after taking the CG course was found. These results are interpreted in detail in the "Discussion" section.
Finally, a paired t-test was developed for students not undertaking the CG course, which corresponds to Case 3. Figure 21 shows the results of this paired t-test, which involved a pre-test and post-test of PSVT on 25 non-CG students.
This test shows an increased average score from 39.0 to 42.2 and has a significant difference with t 25 = 3.30 and ρ < .003. A discussion of this finding is provided in the following section.
Discussion
Findings in this study can be described in three parts. First, empirical evidence supports the idea that the CG course influences VSA, as measured by the PSVT. This finding was reached after obtaining a strong measure in the paired t-test which supported the alternative hypothesis that the mean difference between the pre-test and post-test phases was statistically significant. This finding confirms the expected results, considering that previous works of literature indicated that VSA could be reinforced or trained through specially designed cognitive exercises (Crown, 2001; Melgosa Pedrosa et al., 2015; Friess et al., 2016; Gerson et al., 2001; Martín-Dorta et al., 2008; Sorby, 2009) . In this study, despite the fact that students did not perform or participate in any specially designed activity, it seems that just the regular course work in CG was enough to increase their performance on the PSVT. A second finding relates to the weak correlation between the pre-existent level in VSA and CG course achievements. Two variables were used for measuring this correlation: the midterm exam, which evaluated most of the students' 2D/3D geometric transformation knowledge; and the final grade, which indicated a holistic evaluation of all course topics. Finding this weak correlation was unexpected due to the apparently logical relation between having strong VSA and succeeding in a course demanding these skills. The authors of this study believe that the weak correlation can be explained in terms of the diverse factors involved in a student's overall performance. For example, one student can have great VSA but, at the same time, lack a genuine interest in or motivation for the course, or have personal circumstances (e.g., family, work, health issues, other activities) that distract and prevent them from succeeding. Also, it should be considered that utilized variables (scores in midterm exam and final grade) do not perfectly isolate those CG topics with a stronger influence on VSA; a mixture of other topics was also evaluated, which could bias the correlation measurement (i.e., poor performance in other topics such as color theory, textures or lighting, that are not related to contents promoting VSA could alter the expected correlation between VSA and CG performance).
The third finding in this study is that the results show a statistically significant increase in average scores for non-CG students. However, in this case, the scores increased less than those of CG students. As it can be seen after comparing Figs. 21 and 15, the average improvement was about half of that obtained by the CG students; it is 3.2 compared to 5.83. Moreover, a comparison against the increase in all categories of CG groups seems consistent; it was 5.83, 6.00, and 5.62, for total groups, morning groups, and evening groups, respectively. The authors of this study believe that the average increase in non-CG students could be due to the "retest" effect, which is associated with cognitive tests in general, and well documented in the case of VSA. Lohman, (1996) describes this effect ("retest gaining") as typically having a standard deviation from .2 to 1.2, and larger for simpler tests, shorter re-test intervals, and when some feedback is provided to participants. In the present study, as explained before, non-CG students solved the PSVT at the beginning of the semester, and repeated it five weeks later, which offers an explanation for these results through the relatively short time between test applications. The findings of this study have to be seen in light of some limitations. First, the results apply only to participants taking the CG course offered at the UACJ. It should be necessary to extend this study to similar CG courses at other institutions to draw more general conclusions. Second, the only version of the PSVT that was available for public usage (through ETS) was the original version, which has some issues with the quality of drawings because they are made with the classical hand drawing techniques of the '70s (not computer generated). This situation may cause confusion in the interpretation of some of the drawings and may lead to some mistakes in the answers. However, it is believed that this factor may be minimal. Third, regarding the testing conditions, even though the PSVT can reasonably demonstrate a level of VSA , there are diverse "uncontrolled" situations regarding the personal conditions of each student when taking the test (e.g., tired, sleepy, not concentrating, guessing answers) which in turn are potential factors that can bias the results.
Conclusions and future work
This study followed up the entrance and exit conditions of students regarding their level of VSA and their performance in the CG course offered at the UACJ. The statistical analyses developed in this work support the claim that studying CG has an impact on VSA, making them stronger for most of the students. However, questions about the relation between VSA and succeeding on the CG course still remain open due to the weak correlation found. There can be many variables that determine the student's performance in the CG course, and it becomes difficult to separate them when drawing conclusions based only in the PSVT results. Probably, to minimize this situation, a stricter selection of participants could be implemented that gave preference to those individuals with a profile similar to an "ideal student" (e.g., full-time student, stable personal and academic environment, average or above academic records). It could lead to a loss of diversity in the sampled participants, but to a gain in confidence in the measured correlation as a result of discarding many of the common factors that prevent students from succeeding in any course. It is necessary to develop additional studies that deeply explore the findings obtained in the current work. Having the current increase in the VSA as measured with the PSVT as a reference, what would happen if special learning strategies, other than the already included in the CG workload, are designed and applied? Innovative learning strategies in teaching CG can be experimented. For example, could the use of video games (that favor an intensive 2D/3D transformations practice) increase the training of VSA even more? Would these innovations provide better preparation to CG students for success on the course? These strategies should be administered to selected students, ideally, in controlled testing, with stricter activity monitoring and following up to measure their real effect. To better interpret the interactions and synergy among VSA, learning strategies, and student performance, it is necessary to isolate, as much as possible, the benefit of the implemented strategies from other factors that are intrinsically existent in the personal context of students that might undermine their learning outcomes. 
